Due to global warming, the need to secure an alternative clean energy resource has become an international issue. Tidal current power is now recognized as one of the clean power resources in Korea, where there are many strong current regions on the west and south coasts. Recently, large scale tidal devices have been deployed with a maximum rotor diameter of 18 m. These devices impose significant loading on supporting structures. In many cases, a pile fixed foundation is used to secure the structure. However, due to the high density of seawater, the drag and lift forces are much larger than in air, causing extensive stress and deflection to the pile tower structure. In this study, a numerical analysis of the hydro-forces from a rotating tidal current turbine to a tower was conducted to determine the deformation distribution along the pile tower.
Introduction
A tidal current power (TCP) system uses tidal current by converting kinetic energy into rotational energy to generate electricity. A turbine along the rotation axis direction can be classified into a horizontal axis turbine (HAT) and a vertical axis turbine (VAT). HAT systems are being studied worldwide [1] .
Fluidestructure interaction (FSI) analysis in wind turbines is being researched actively [2] , and FSI analysis of TCPs is being studied in foreign [3] . In addition, studies of composite blades with respect to TCP structural strength [4e6] and studies of large-scale turbines [7] are being performed. However, TCP tower design based on FSI is in its early stages.
Recently, TCP system capacities have become greater than 1 MW per TCP. Turbines, which are key components of TCP system, are being designed to diameters of 18 m. Interest in the stability evaluation of TCP structures is increasing as the structural loads increase.
In this study, a rotor was designed using blade element momentum theory, and a CFD analysis of the fluid characteristics and pressures acting on the structure was performed. The calculated pressure values were used to define loading conditions for FEM analysis, and we analyzed structural stability, deformation and stress due to tidal loads.
Rotor design

Determination of design current speed and turbine size
Before determining the design current speed (U D ), a marine survey must be made of the TCP area to determine the characteristics of the current. A large turbine design based on the depth distribution of tidal current should consider the direction of the current. The size of the turbine to be installed in the ocean depths must also be considered. Turbines are now being designed to 18 m diameters. In this study, an 18 m diameter turbine was chosen and the design current speed was set to 3.5 m/s.
Determination of output and rated revolution
In order to estimate the output of the blade, the output coefficient (C P ), and the efficiency factors of the hydraulic power transmission gear and water tight device are substituted into Eq. (1):
The rated output of the blades is 2 MW. The design tip speed ratio (TSR, l D ) is 5, and the rated rotational speed is 18.57 rpm based on Eq. (2):
Design parameters of TCP blades
The blades were designed based on the parameters shown in Table 1 . The framework and solid modeling of the designed blade are shown in Figs. 1 and 2 , respectively.
TCP load calculated using CFD
Calculation condition
In this study, the commercial software ANSYS WORKBENCH CFX (v13.0, ANSYS, Inc., U.S.A.) was used for three dimensional (3-D) stationary flow field analysis.
To minimize the free surface and bottom effects, the 1D clearance was considered from the tip of the turbine to the seabed and to the surface. Accordingly the TCP tower and domain height were determined as the tower height of 26.4 m and the depth of turbine axis 27 m. The rear domain of the analysis has been set to be 180 m that is the 10 times of the turbine diameter. Specification of domain is shown in Table 2 . The inner rotating domain is a cylinder which is 18.5 m diameter, and 3 m height.
Grid systems and turbulence models
To accurately predict the fluid characteristics, the surrounding TCP turbine and tower were modeled using a dense three-layer inflation grid. The rotating domain was composed of a dense tetrahedron grid, and a hex dominant grid was used elsewhere. 10,354,592 nodes and 13,126,871 elements were generated, as shown in Table 3 and Fig. 3 . A turbulence model that involves the dissection of the unsteady flow field around the airfoil was analyzed using the k-u shear stress transport (SST) model.
Results of CFD analysis
The current velocity and streamline distribution of the entire domain are shown in Figs. 4 and 5. The velocity behind the rotating turbine declined rapidly. The tidal loads pressured the entire structure, as shown in Fig. 6 . The various TCP tower diameters were investigated in the CFD analysis for 1.2, 1.3, 1.4, and 1.5 m. The tower is subjected to the external loading caused by current and rotation by turbine. As the size of tower increases, the projected area increases as well causing the larger friction and pressure forces as shown in Table 4 . 
TCP structural analysis
Calculation conditions
To analyze the structural stability, the fluid load from CFD result was applied to the TCP tower. The general purpose structural analysis program ANSYS WORKBENCH Static-Structural v13.0 was used.
The TCP design model used for the CFD analysis was shared for the structural study. Tower diameters of 1.2, 1.3, 1.4, and 1.5 m were considered in the research. The thickness of the tower was complied the required standard of D/t ratio that is less than 30. The available manufacturer guideline was referenced to choose the appropriate thickness.
The pile fixed support method was applied to the TCP tower in the study with the end fixed boundary condition (Fig. 7) .
Grid systems and structure analysis
The entire structure was composed of a hex-dominant grid. In addition to increase the accuracy, the sweep method was applied to the tower modeling. The boundary between blades and hub was closely studies by modeling 0.04 m fine grid. For example, the case study of 1.5 m Â 0.05 m tower, it has 1,310,718 nodes and 190,339 elements, as shown in Table 5 .
Material properties
The glass fiber-reinforced plastics (GFRP) composite material for tidal current rotor and API X60 high tensile steel for the tower were applied in the analysis as shown in Table 6 .
Results of structural analysis
In order to satisfy the recommended D/t ratio for the 1.2 m diameter, the thickness of 0.04 m was chosen and the thicknesses for other towers were determined as per the same condition. The fluid pressure acting on the structure was obtained by CFD analysis and applied to the structural analysis as shown in Fig. 8 . Tables 7 and 8 together with Fig. 9 show the stress, strain, deformation and safety factors caused by the hydro-forces. Stress and strain were calculated using the von-Mises method, and the safety factor of the material was calculated based on tensile yield strength. If the thickness of the tower is the same, the higher stress was created in the smaller diameter tower as shown in Fig. 10 .
Obviously the less stress and higher s.f. were observed in the thicker towers. Figs. 10 and 11 demonstrated this observation. The minimum thicknesses that can satisfy the s.f. of 1.2 for 1.3 and 1.4 m towers were 7 and 6 cm.
Conclusion
In this study, a TCP turbine was designed using blade element momentum theory and the stability was analyzed using CFD and FEM. The current speed and streamline distribution behind the rotor were confirmed, and hydro-forces acting on the TCP structure were calculated. The TCP structural stability with respect to stress, strain, deformation, and the safety factor were studied. The external and rotational loadings were applied to various TCP structure sizes. However, in the future, the vibration and transient structural analysis are to be performed to understand the better dynamic behavior and response of the offshore tidal current tower structures. 
